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Spalting is any form of internal coloration of wood caused by fungi. Since as early as the 
15th century, spalted wood has been utilized as an aesthetic feature for enhancing the 
appearance of wood. The presence of a pleasing pattern of zone lines can drastically increase 
the value of wood. Such lumber is used in high-end furniture and other non-load-bearing 
wood products. Other than the visual value, however, no other concrete functionality has 
been associated with zone lines. 
 
It is known that the black colour of pseudosclerotial plates (zone lines) derives from melanin 
deposits. Melanin is a common organic polymer characterised by its black colour and has 
several protective functions for fungi. It has several interesting properties from the viewpoint 
of material science, two of which are particularly interesting for this study. One of the more 
interesting facts about melanin are the recently discovered electrically conductive properties, 
making it one of the most promising candidates for the first organic semiconductors. The 
second is the absorbance of heavy metals by melanin, which are present in pseudosclerotial 
plates. Its relevance comes to light with a result by Jastrzebska et al. (1996), where it was 
shown that the presence of copper ions reduces the activation energy, as well as the pre-
exponential factor in melanin, both of which are important in the mechanism of electrical 
conductivity. Since pseudosclerotial plates readily absorb heavy metals, their addition to the 
growth medium could be the key to achieving electrical conductivity in the samples. 
 
As part of the study, we will describe a novel method for the production of wood samples 
with zone lines. Williams et al. (1981) showed that by inoculating logs with mutually 
antagonistic strains of Trametes versicolor using wooden dowels, zone lines formed inside 
the wood after 12 months of incubation. Considering this method for large scale production 
of spalted wood poses several problems. Firstly, the incubation time of one year is far too 
long. Incubation and storage space in industry is often limited, so such a process needs to be 
relatively rapid to accommodate such limitations and become rentable. Secondly, T. 
versicolor causes white rot with significant strength loss in the wood (Schwarze, 2007). This 
is a major disadvantage, given that the main interest is to utilize spalted wood in furniture. 
Finally, wooden dowels as means of inoculation are too difficult to produce and handle on a 
large scale. Ideally, the inoculant should be easy and fast to produce, and the ready-cut planks 
of wood should be able to be inoculated rapidly. These issues will be addressed by means of 
two modifications. Instead of T. versicolor, we will use the soft rot fungus Kretzschmaria 
deusta, which has been shown by Guglielmo et al. (2012) to also exhibit mutual antagonism 
and produce pseudosclerotial plates to demarcate different genotypes. Additionally, soft rot 
causes a much lower loss in mechanical strength in early stages of decay (Schwarze, 1999). 
The second modification to the method is the use of microfibrilated cellulose (MFC) as a 
carrier substance for the mycelium, which will then be applied to the wood directly. 
Cultivating fungi on MFC and later handling it is much easier and more appropriate for an 
industrial process. 
 
The aim of this study is to quantify the electrical conductivity of melanin within 
pseudosclerotial plates, which is expected to increase with the concentration of heavy metals 
in the medium. Additionally, the method for the production of spalted wood is evaluated. 
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The term “spalting” is commonly defined as any internal colouration of wood caused by 
fungi (Robinson et al., 2016). This includes a wide range of pigmentations and 
discolorations, such as zone lines, pigmentation, bleaching, but does not include moulds, as 
they only colonize the surface, but not the interior of wood. One of the most appreciated and 
well-known forms of spalting are specific colourations called zone lines. When two or more 
mutually antagonistic fungi colonize wood, the individual colonies are separated from each 
other by a narrow, dark interaction zone (Williams et al., 1989). The black colour of these 
lines arises from the deposition of fungal melanin, both within the hyphal cell wall, as well 
as extracellularly in the form of granules on the hyphae and on the inside of the lumen of the 
wood (Tudor et al., 2014). Zone lines appear as a network of deep black lines throughout the 
volume of the wood, producing a striking visual effect on otherwise plain wood. Figure X is 
an example of a naturally infected European beech (Fagus sylvatica) log collected near St. 
Gallen, where intense zone lines have been formed. In addition, areas of bleaching are 
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2.1.2 History and use 
 
The earliest known use of spalted wood for decorative purposes can be traced back to as 
early as the 15th century, when Italian carpenters would use green-stained wood for coloured 
inlays. A remarkable fact is that, while all other colours in these pieces have faded, the 
piercing green pigments produced by the fungi have remained vibrant even after more than 
500 years (Robinson et al., 2016). 
 
In the 20th century, the popularity of spalted wood among woodworkers surged. This is 
mostly due to the work of the American wood turner Mel Lindquist, who discovered the 
aesthetic potential of spalted wood. He often used it for his designs, which still are 
considered as some of the most precious artefacts of contemporary American woodworking 
(Robinson et al., 2016). Today, spalted wood is regarded as a specialty, used in many unique 
and luxury applications. However, because of the uncertain supply and variable mechanical 
strength, its use has so far been limited to small, non-load bearing objects such as 
kitchenware and décor. There is a high economic interest in developing a consistent method 




Figure 2: Bottle Opener made of spalted walnut (Juglans regia) wood, produced by JB Design & Architecture 
(image provided by Jan Barič) 
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2.1.3 Intraspecific antagonism in fungi 
 
Wood that is infected by a wood decay fungus often shows distinct areas that different fungi 
have colonized and where they are separated from each other by clear borders. Fungal 
isolates from different decay zones of the colonized wood are often antagonistic despite 
being the same species of fungus, forming a barrier between the colonized areas called a 
zone line, sometimes even depositing melanin or forming melanized pseudosclerotial plates. 
 
Guglielmo et al. (2012) showed this by isolating and testing different strains of 
Kretzschmaria deusta from naturally infected trees. Their hypothesis was that the 
pseudosclerotial plates, which are typically evident on the inside of infected trunks, were 
interaction zones between different strains of the same fungus. After isolating fungi from 
different zones demarcated by the pseudosclerotial plates, they performed various genetic 
tests and confirmed a significant correlation between the number zones in the wood and the 
number of different genets of the fungus. They confirmed the mutual antagonism of these 
strains by means of dual culture tests, where two different strains were inoculated on growth 
media and their growth observed. Different genets produced pseudosclerotial plates on the 
border of the colonies, while the mycelium of the same genets completely fused. Rayner and 
Todd (1977) demonstrated the same phenomenon by isolating and testing different strains 
of Trametes versicolor, another common wood decay fungus well known to cause 
discoloration of wood. The distribution of different morphologies of the fruiting bodies along 
the log indicated that there were several areas with genetically distinct strains. When cut, 
different zones were visible which seemed to coincide with the distribution of the 
morphologies of the fruiting bodies. Several strains were then isolated, and dual culture tests 
were performed on each possible pairing of the fungi, which consistently showed antagonism 
between fungi growing in different zones, often with pigmentation appearing on the border 
between colonies. In addition, Williams et al. (1981) confirmed that, when a log is inoculated 
with such antagonistic isolates, pigmented demarcation lines will form within the wood, 
separating the two dikaryotic strains. 
 
 
2.1.4 Pseudosclerotial plates 
 
The fungal structures that cause the characteristic zone lines of Kretzschmaria deusta are 
pseudosclerotial plates. These are networks of densely interwoven, swollen and melanized 
hyphae that form on the edge of the fungal colony as a reaction to various biotic and abiotic 
stresses. This includes protection against antagonistic fungi and other microorganisms, as 
well as regulating a lower moisture content in the wood, which is favourable for fungal 
growth (Guglielmo et al., 2012). Their deep black coloration is due to fungal melanin in the 
cell wall, which plays an important role in fungal defence mechanisms, as it has hydrophobic 
and antimicrobial properties. The prefix ‘pseudo-’ is used due to the fact that, while sclerotic 
structures do not contain the medium or matrix in which they grow, pseudosclerotial plates 
do contain the matrix, in this case wood. 
 
Campbell (1933) described in detail the formation of pseudosclerotial plates of Xylaria 
polymorpha, another well-known zone line producing member of the Xylariaceae family, 
based on microscopic observation. According to him, the formation of pseudosclerotial 
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plates can be observed as a series of distinct stages. Firstly, an enlargement of the hyphae 
can be observed to approx.1,5-3 μm accompanied by a greater number of vacuoles in the 
cell. The cell wall then thickens and turns a brown colour due to the deposition of melanin. 
Septa form with a very narrow spacing and the protoplasm in the cell is replaced by clear 
content. As the cells continue to darken in colour, the unit cell swells up to the size of 4-10 
μm. These bladder-like structures tend to aggregate into dense black masses, making it 
difficult to distinguish the unit cell (Figure 3, red arrow). The aggregation continues until a 
border is formed along the edge of the colony, completing the formation of the 






Figure 3: The demarcation zone with pseudosclerotial plates between two antagonistic strains of Kretzschmaria 
deusta on malt growth media. Note: early formation – red arrow, late formation – white arrow 
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Figure 4: TEM image of a melanized pseudosclerotial plate produced by Kretzschmaria deusta (arrow) in 
beech wood (Fagus sylvatica) (image provided by Dr. Hugh Morris) 
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Figure 5: SEM image of a melanized pseudosclerotial plate produced by Kretzschmaria deusta on the surface 
of infected beech samples (image provided by Hugh Morris) 
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Figure 6: SEM image of a melanized pseudosclerotial plate produced by Kretzschmaria deusta taken from the 
surface of infected beech samples (mage provided by Hugh Morris) 
 
 
2.1.5 Wood decay by Kretzschmaria deusta 
 
Kretzschmaria deusta (Hoffm.) is an ascomycete fungus belonging to the family 
Xylariaceae, which causes soft rot in wood. It is also one of the most important tree 
pathogens in urban spaces, since it can cause hazardous structural failure in apparently 
healthy trees and is very difficult to detect even with more advanced risk assessment 
techniques (Schwarze, 2008; Schwarze, 1995). It produces inconspicuous black, charcoal-
like fruiting bodies in cracks near the root system, earning it the English common name 
“Brittle cinder fungus,” the German name “Brandkrustenpilz,” and the Slovenian “Črneča 
ožganka” (Gobarsko društvo Lisička Maribor, April 2020). When the tree is felled, 
characteristic double zone lines can be seen on its cross section.  
 
K. deusta also exhibits intraspecific antagonism, meaning it does not require a different 
species of fungus to act as an antagonist for producing zone lines, as different genotypes of 
this fungus will form pseudosclerotial plates between colonized areas (Schwarze et.al., 1999; 
Guglielmo et al., 2012), and two different strains are enough to produce samples with a zone 
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line. This greatly reduces the effort needed when handling the fungus, since all strains will 
behave in roughly the same way in vitro, as different genotypes of the same species will have 
roughly the same growth speed and require the same medium and conditions. It also readily 
produces pseudosclerotial plates in very early stages of decay when the compound middle 
lamella in the wood is still intact (Schwarze, 1999). This means that zone lines occur when 
the wood is still relatively structurally intact and loss in mechanical strength i.e. stiffness is 
not significant for practical applications. 
 
It is known that ascomycete fungi are better adapted to angiospermous wood than 
gymnosperm wood. This can be attributed to the lignin composition, specifically to the ratio 
of syringyl and guaiacyl units in the lignin polymer. Studies have shown that lignolitic 
enzymes produced by white-rot fungi generally have a lower ability to degrade lignin in 
gymnosperm woods, which is almost exclusively comprised of guaiacyl monomers, in 
comparison to angiosperm wood that has a higher syringyl-guaiacyl ratio (Highley, 1982; 
Faix et al., 1985). It has also been suggested by Nilsson and Daniel (1989) that the 
peroxidases excreted by ascomycetes are similar to those of white rot fungi, but less 
electropositive. A lower oxidation potential by ascomycete peroxidases could explain the 
inability to oxidize guaiacylpropane units as effectively as syringilpropane units, giving rise 
to a much higher preference for degradation of syringyl lignin. 
 
When hyphae of Kretzschmaria deusta colonize wood, they bore into the S2 layer of the 
secondary cell wall, where they branch and induce cavities aligned in the direction of the 
microfibrils. The hyphae are unable to penetrate the compound middle lamella itself because 
of its high guaiacyl lignin content (Meshitsuka and Nakano, 1985; Schwarze, 2007). Due to 
the afore mentioned inability to degrade guaiacyl lignin, an intact skeleton comprised of the 
middle lamellae of different cell types remains even at an advanced stage of decay (Schwarze 
et al., 2007). An important consequence of this is a relatively low loss in mechanical strength 
of wood in early stage of colonization in comparison to other types of wood decay. 
Preliminary tests also showed that the production of pseudosclerotial plates by 
Kretzschmaria deusta occurs during incipient decay i.e. after 4-6 weeks, when a loss in 
mechanical strength is within acceptable margins for industrial application (Morris, 2020). 
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Figure 7: Wood decay by Kretzschmaria deusta, showing characteristic cavities (arrows) in the transverse (A) 
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Figure 9: Comparison of untreated beech (black curves) and samples incubated with Kretzschmaria deusta and 
Fomes fomentarius (red curves). This result also shows the brittle nature of Type 1 soft rot caused by 




2.1.6 Iron and copper in fungal enzymes 
 
Based on the results by Saiz-Jimenez and Shafizadeh (1984), iron(III) and copper(II) were 
selected for testing. These ions are also important for the enzymatic activity of fungi. 
 
Iron is directly involved in the degradation of lignin as part of extracellular heme-containing 
enzymes, namely ligninases (a group of peroxidases) and manganese peroxidases 
(Paszczynski et al., 1988). On this basis, it is hypothesised, that the presence of iron(III) ions 
will not negatively influence, but rather promote the growth of fungi. The use of iron in this 
biotechnological process is also of interest, since it is relatively inexpensive because of its 
abundance in nature. 
 
In addition, the presence of copper ions was tested, since it is a component of laccase, an 
important fungal enzyme involved in lignin depolymerization (Gianfreda, 1999). Copper is 
also known to be a very good conductor, having a resistivity of only 1,68 x10-8 Ωm at 20 
degrees Celsius (Matula, 1979), the lowest of all non-precious metals, making it 
economically the most suitable for mass use in electronics. However, copper is well known 
for its toxic effect towards fungi and is thus one of the most common wood-preserving agents 
currently used (Humar and Thaler, 2016). 
 
 




Melanins are a range of organic phenolic polymers, which are found across all kingdoms of 
life. They are most well-known for the colour in human hair, eyes and skin.  
Morphologically, they appear as a black pigment. Since melanin has such a great variety of 
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origins, as well as very complex structures and associations with other proteins and 
carbohydrates, the exact structure of fungal melanin has not yet been characterised. In 
addition to a black colour, melanin is generally defined by a set of chemical criteria, 
including insolubility in water or other solvents and resistance to degradation by hot or cold 
acids (Butler and Day, 1998). 
 
2.2.2 Melanin in ascomycete fungi 
 
In ascomycetes fungi, including Kretzschmaria deusta, the characteristic melanin is DHN 
melanin. Biosynthesis starts with 1,3,6,8, -tetrahydroxynaphthalene (1,3,6,8-THN), which is 
formed from acetate. A series of alternating reduction and dehydration reactions, caused by 
reductases and dehydrases respectively, then yields the precursor 1,8-dihydroxynaphthalene 
(1,8-DHN; commonly referred to as simply DHN). In the final step, DHN is polymerized 
into DHN melanin, completing the synthesis (Butler and Day, 1998). 
 
 
Figure 10: DHN melanin synthesis pathway in fungi, after Butler and Day (1998) 
 
 
2.2.3 Function of fungal melanin 
 
Perhaps the most well-known function of fungal melanin is, similar to animals, providing 
the organism with protection against UV and other ionizing radiation. The presence of 
melanin in the hyphal cell wall, shell of the spores and in sclerotic tissues has been shown 
to greatly reduce the lethal influence of UV radiation. Gorbushina et al. (1993) observed that 
black discolorations occurring on marble are caused by a species of yeast. This appears as a 
black stain due to a highly melanized cell wall, which effectively protects it from extremely 
large doses of UV and other radiation, per instance from the stone of the Acropolis in Athens, 
Greece, where a strain of this yeast was isolated. 
 
Another important property is the antioxidant effect of melanin. Most defence strategies of 
organisms include the use of oxidants to kill pathogens and fungal melanin was shown to 
be an effective absorber of such oxidants. Experiments by Jacobson and Tinnell 1993 and 
Jacobson et al. 1995 compared the absorbance of some oxidants including permanganate and 
hypochlorite by Cryptococcus neoformans, Wangiella dermatitidis and Alternaria alternate 
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with their respective albino strains. Results consistently showed a significant development 
of resistance to the oxidants as melanisation of the fungi occurred. 
 
 
2.2.4 Function of fungal melanin in sclerotic tissues 
 
Melanin is often present in sclerotic tissues of fungi. Ellis and Griffiths (1974) observed, that 
in sclerotic tissues, melanin is present in both the outer 0.2 μm of the cell wall, as well as in 
the intercellular mucilaginous matrix.  
 
The first role of this melanin is its ability to inhibit the function of lytic enzymes. Several 
studies have shown that this melanin acts as an extremely effective protection against such 
enzymes. A good example of this is a study by Kuo and Alexander (1967) which showed a 
significantly higher resistance of melanized hyphae of Aspergillus nidulans against 
glucanase-chitinase in comparison to non-melanized hyphae produced by a mutant strain of 
the fungus. Several other examples of lytic resistance attributed to the presence of melanin 
are summarised by Butler and Day (1998). Bloomfield and Alexander (1967) have 
demonstrated that melanized sclerotia of Sclerotium rolfsii have a high resistance to lytic 
enzymes produced by soil-inhabiting microorganisms, while the non-melanized hyphae of 
this fungus were readily degraded. This serves as important evidence for the antimicrobial 
function of melanized pseudosclerotial plates formed by Kretzschmaria deusta, since they 
can function as effective physical barriers against other microorganisms only if they possess 
sufficient chemical resistance towards lytic enzymes produced by antagonistic 
microorganisms. 
 
The second function of melanin is regulating the moisture in the fungus’ environment. A 
preliminary result showed that melanized sclerotic structures were much more resistant to 
desiccation than an albino strain of the same fungus (Bell and Wheeler 1986, after Tolmsoff 
et al. 1976). Additionally, the pseudosclerotial plates of Kretzschmaria deusta are commonly 
reported as barriers for moisture in colonized wood, ensuring an ideal, dry moisture content 
for the growth of the fungus (Guglielmo et al., 2012; after Rayner and Boddy, 1988). 
 
 
2.2.5 Sorption of heavy metals by fungal melanin 
 
Melanin is also known for its excellent ability to bind a variety of heavy metals. This 
property is of large interest, since the accumulation of heavy metals in ecological systems is 
a growing problem. Innovative utilizations of this property are already being examined and 
developed for large scale use, per instance in the form of electrospun biopolymeric 
membranes (Tran-Ly et al., 2020) 
 
McDougall and Blanchette (1996) have examined the adsorption of heavy metals in the 
melanized pseudosclerotial plates of Phellinus weirii. They found that after a relatively short 
contact with heavy-metal rich soil, the pseudosclerotial plate adsorbed significant 
concentrations of heavy metals. They found that in samples treated with iron-rich soil, the 
concentration of iron ions were more than 100 times greater than the control. It is important 
to note that the accumulation of heavy metals in pseudosclerotial plates is most likely caused 
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by a chelation effect, rather than an active physiological translocation process. Similar 
results were also shown for the melanized cortex of rhizomorphs produced by Armillaria 
spp., where results varied among examined samples for iron, but showed to be significant 
for other heavy metals (Rizzo et. al., 1992). 
 
A study done by Saiz-Jimenez and Shafizadeh (1984) demonstrates the absorbance of 
iron(III) and copper(II) ions by melanin produced by selected ascomycetes using electron 
spin resonance (ESR). Given the similarity between the components linked to polyphenolic 
compounds in fungal melanin and humic acids, they make a reasonable hypothesis that 
fungal melanins react with transition metals in a similar way to humic acids in soil. They 
also suggest this plays an important role in heavy metal translocation and their availability 
in biological systems. Similar results were obtained by Gadd and de Rome (1988), who 
demonstrated a high absorbance of Cu2+ ions by fungal melanin. 
 
 
2.2.6 Conductivity of fungal melanin 
 
One of the more interesting aspects of melanin for current material science are the conductive 
properties of melanin. 
 
Recently, electrical conductivity measurements of melanin were published by Migliaccio et 
al. (2019). The melanin films were produced as spin coated annealed thin films on quartz 
surfaces, thermally annealed in vacuum. These films yielded conductivity of up to up to 318 
S/cm, the highest conductivity of melanin ever measured. Their method and results also 
imply that the conductivity of melanin is purely electronic and suggest, that melanin can be 
considered as an organic conductor. Another significant insight into the details of melanin 
was provided by Mostert et al. (2012). They showed, that the presence of water had a 
significant impact on the conductivity of eumelanin, as it drives the production of extrinsic 
free radicals and hydronium ions in the complex. This explains the exotic behaviour of 
melanin and disproves the previous model of melanin conductivity as an amorphous 
semiconductor. 
 
A question similar to ours has already was proposed by Jastrzebska et al. (1996) whilst 
examining the effect of Cu2+ ions on the conductivity of DOPA melanin. They showed that 
the presence of copper ions in the melanin complexes reduces both the activation energy as 
well as the pre-exponential factor. On the other hand, no significant changes in the 
conductivity were measured for the melanin complex. 
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To produce samples of spalted wood, the ascomycete fungus Kretzschmaria deusta was 
selected, since it readily produces pseudosclerotial plates in early stages of decay when loss 
in mechanical strength is minimal. It also exhibits intraspecific antagonism, which makes 
culture maintenance and handling much easier, since the fungi require the same medium and 
same growth conditions. 
 
Since a collection of mutually antagonistic strains of Kretzschmaria deusta was not yet 
available, it was necessary to isolate them from naturally infected wood. The isolation 
procedure was adapted from Guglielmo et al. (2012). The antagonism of the strains was then 
confirmed by performing antagonism tests. 
 
As some of the selected heavy metals have been shown to have a potentially significant 
effect on the growth of the fungi, growth rates of the fungi were measured for different 
concentration of heavy metals. The test was performed on a freshly isolated strain of 
Kretzschmaria deusta (strain KD10) to assess growth in the main experiment, as well as on 
Trametes pubescens (Empa isolate 220) which acted as a reference for control of the method. 
Iron(III) oxide and copper(II) oxide were selected for testing based on the results presented 
by Saiz-Jimenez and Shafizadeh (1984). In addition, elemental silver was also tested because 
of its very high conductivity. 
 
The experimental part of study was performed at the Swiss Federal Laboratories for 
Materials Science and Technology (Empa), at the Bioengineered Wood Lab, under the 
supervision of Prof. Dr. Francis W. M. R. Schwarze. 
 
 
3.2 ISOLATION OF FUNGI 
  
3.2.1 Obtaining naturally infected wood 
 
The K. deusta strains were isolated from an infected European beech tree (Fagus sylvatica), 
at Friedhof Feldli cemetery in St. Gallen, Switzerland. The infected tree had visible fruiting 
bodies of Kretzschmaria deusta on its bark which appeared as brittle charcoal-like structures. 
An assessment of the tree yielded the conclusion, that it posed a hazard and was felled on 
date. After the tree was cut, a roughly 5 cm thick transverse section was cut from the log 
using a chainsaw. An abundance of pseudosclerotial plates was visible on the cross section 
in the form of thin, black, double zone lines (Figure 11, red arrows). These kinds of lines are 
characteristic for K. deusta. The wood was then transported to the Empa St. Gallen and 
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Figure 11: Cross section of the naturally infected beech log with zone lines (arrows), from which the K. deusta 
strains were isolated 
 
 
3.2.2 Isolation of fungi 
 
Isolations of Kretzschmaria deusta were performed under non-sterile conditions. All 
equipment was disinfected with 2.5 % [w/v] sodium hypochlorite (NaClO) between every 
isolation attempt. A surgical mask was worn during the procedure, as well as gloves, which 
were regularly disinfected with 70 % ethanol to prevent contaminations. The wood was taken 
out of storage and the surface sprayed with a 70 % ethanol solution to kill any possible 
surface contaminants. Next, the cross section was examined to determine the number of 
different genotypes that had colonized the wood by counting the “zones,” which are the 
colonized areas separated by zone lines. The zones were labelled by codes with a permanent 
marker to keep track of which strain was being isolated. 
 
The isolation procedure was adapted from Guglielmo et al. (2012). First, a 24 mm chisel was 
used to remove about 2-3 mm of the wood above a zone line to expose a clean surface. Next, 
an 8 mm chisel was used to obtain a sample roughly 5 mm in diameter from the zone line 
(Fig 12A). Using forceps, the sample of wood was then submerged into a solution containing 
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5 % [w/v] NaClO for roughly 2 seconds, then immediately washed thoroughly in three 
consecutive petri dishes containing sterile water for 5 seconds each (Fig 12B). This was done 
to remove any possible surface contaminants and residual hypochlorite from the sample, 
which was then immediately placed on antibacterial growth medium (0.1 % tetracycline, 2 
% malt, 2 % bacteriological agar) (Fig 12C). This process was repeated 21 times for each 
zone, putting three samples on each petri dish to economize material use. In total 126 
isolation were performed. The petri dishes were incubated at room temperature, at 20 ˚C and 










In the days after isolating, the samples were regularly visually examined. If any 
contaminations were apparent on the samples in the first 2-5 days, the sample was most 
likely infected and was immediately discarded. To prevent contaminations from spreading, 
non-infected samples were transferred with disinfected forceps to fresh petri dishes 
containing antibacterial growth media. Clean cultures of the wood decay fungus can be 
identified after seven days by their white, velvet-like mycelium. A few days after emerging, 
the mycelium begins to turn light grey in colour, which serves as additional evidence of a 
Kretzschmaria deusta culture (Figure 13, red arrows). Pieces of this grey mycelium were 
then carefully removed from the sample using an inoculation needle and transferred to 
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Figure 13: Grey Kretzschmaria deusta mycelium growing form a wood sample (arrows), indicating a 
successful isolation attempt 
 
 
3.2.4 Antagonism tests 
 
After successfully isolating the strains, it is necessary to confirm that they are, in fact, 
mutually antagonistic. This is done by performing antagonism tests on culture media, as 
described by Williams et al. (1981). A Petri dish containing 2 % MEA was inoculated with 
isolates from different zones and observing the border between the colonies. In cases of a 
successful isolation of different genotypes, a pseudosclerotial plate will be visible in the form 
of a sharp, black border between two colonies. 
 
Isolations of fungi often produce a significant number of isolates, for which all possible 
pairings have to be tested for mutual antagonism. For such a high number of pairings, 
performing these tests by inoculating only two fungi per petri dish can be excessively 
material consuming. It is favourable to test as many genotypes as possible on a single petri 
dish. The following optimal scheme of inoculation was used (Figure 14). Using this scheme, 
only three petri dishes were required to test the mutual antagonism of the six isolated strains, 
which is summarised in a matrix (Table 1). After inoculation, the Petri dishes were incubated 
at 22 ˚C for 20 days and regularly inspected. 
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Figure 14: Antagonism test scheme using isolates of K. deusta 
 
 
Table 1: Antagonism matrix of proposed scheme 
  
 1 2 3 4 5 
6 C C B B B,C 
5 C C B B  
4 A A A,B   
3 A A    




3.3 GROWTH RATES 
 
3.3.1 Media preparation 
 
The preparation of media began by first making 2000 g of 2 % MEA (2 % malt extract, 2 % 
bacteriological agar; both obtained from Thermo Fisher). The mixture was cooked on a heat 
plate and stirred regularly to melt the agar and achieve a completely homogeneous mixture. 
While still hot, the medium was divided into ten 500 ml wide mouth Erlenmeyer flasks and 
covered with aluminium foil to prevent possible contaminants from entering after 
sterilization. Next, the respective amount of each heavy metal was weighed and added to a 
50 mL Erlenmeyer flask. The amounts were calculated in advance to achieve the exact 
concentrations. Additionally, ten flasks were prepared, each with 50 g of distilled water, to 
help wash out the heavy metals from the flasks. The flasks with the MEA medium, heavy 
metals and deionized water were then sterilized in an autoclave. 
 
After sterilizing, a flask with heavy metals was added to a respective flask with the medium. 
Next, 50 g of the deionized water was used to wash out the heavy metals form the flask into 
the medium. We end up with 250 g of 1.6 % MEA medium containing a defined 
concentration of a heavy metal. This procedure was done under a sterile laminar flow hood 
and repeated for the other nine flasks, adding 50 g of deionized water directly to the control 
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medium without heavy metals to achieve the same concentration of MEA as the rest. The 
flasks were then kept in a hot water bath at 50 ˚C to cool. This was done to prevent the 
formation of condensation on the inside of the lids, which would make it harder to monitor 
the growth of the fungi. During cooling, the flasks were swirled every 10 minutes to prevent 
sedimentation of the heavy metals. After approximately an hour in the water bath, each of 
the flasks with medium was poured into ten 91 mm sterile polystyrene petri dishes, 25 mL 
per petri dish, shaking the medium thoroughly between every pour to disperse the heavy 
metals. The dishes were immediately marked to distinguish the different concentrations and 
left overnight to cool. 
 
 
3.3.2 Media inoculation 
 
Before the experiment began, several fresh pre-cultures of Kretzschmaria deusta (KD10, 
Empa collection number 732) and Trametes pubescens (Empa collection number 220) were 
prepared on 2 % MEA and maintained at 22 ˚C. Working under a sterile laminar flow hood, 
plugs were cut from the edge of the colonized petri dish of K. deusta using, where growth is 
most active, with a 10 mm diameter circular metal stamp. The plugs were then used to 
inoculate five petri dishes for each concentration of heavy metals. The process was repeated 
for T. pubescens. The petri dishes were incubated at 22 ˚C and 70 % relative air humidity. 
 
 
3.3.3 Measuring growth rates 
 
The Petri dishes were incubated for three days, so the fungi would transition into the 
exponential growth stage. On the third day, two perpendicular lines were drawn on the 
bottom of each petri dish using a straight edge ruler to act as a measurement guide, crossing 
at the centre of the inoculation plug. The Petri dish was then held against light and the edge 
of the colony was marked on the guide lines. The diameter was then measured as the distance 
between the markings. In this manner, two diameter measurements were obtained for each 
petri dish. The rest of the Petri dishes were measured in the same way. This procedure was 
repeated every 24 hours for four consecutive days, until the fastest growing fungi (mm/day) 
were identified. 
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Figure 15: Petri dishes inoculated with K. deusta for measuring growth rates 
 
 
3.4 SAMPLE PRODUCTION 
 
3.4.1 Gel substrate preparation 
 
The fungi were grown on microfibrillated cellulose media. Microfibrillated cellulose (MFC) 
was selected because it greatly raises the viscosity of the water-carrier substance at low 
concentrations, has a natural origin and is sustainable, is relatively inexpensive, and it 
provides a nutritious base for the fungi to grow on. It is also easy to apply to the wood in the 
later stage. The MFC was obtained from Weidmann Fiber Technology, Rapperswil, CH as 
a 3.9 % (w/w) fibre suspension in water and appears as a viscous white gel. 
 
To prepare the medium, 615 g of 3.9 % MFC was first weighed in a 1000 ml beaker. Next, 
16 g of malt extract was added to 169 g of hot distilled water and stirred on a magnetic stirrer 
until all the malt extract dissolved. The malt extract solution was then added to the MFC and 
stirred with a metal spoon for 10 minutes, until a uniform colour appeared, indicating the 
medium is well mixed. The final concentrations were 3.0 % MFC and 2.0 % malt extract. 
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3.4.2 Inoculation of gel substrate with fungi 
 
Two polypropylene boxes of size 150 mm x 150 mm x 150 mm with lids were each filled 
with approximately 400 g of the medium and sterilized in an autoclave. After cooling, a Petri 
dish with the strain KD2 (Empa collection number 733) was cut up with a scalpel under a 
laminar flow hood into roughly 10 mm x 10 mm sized pieces that were distributed on the 
surface of the gel in one of the boxes. The remaining box was inoculated in the same way 
with the strain KD10 (Empa collection number 732).  The boxes were then incubated for 4 
weeks at 22 ˚C and 70 % humidity, until the surface of the gel was completely covered with 
a black mycelial crust. 
 
 
3.4.3 Mycelium suspension preparation 
 
After the fungus had fully colonized the surface of the gels, the content of a box with KD2 
was mixed gently with a handheld immersion blender under a laminar flow hood. The result 
was a viscous gel with fine particles of mycelium. 100 g portions of the gel were then mixed 
with iron(III) oxide in separate sterile glass beakers to obtain concentrations of 0 % (control), 
0.25 % and 0.75 %. The mixer head attachment was then washed and disinfected with 70 % 
ethanol to avoid any possible cross-contamination between the strains of fungi, and the 
procedure was repeated for the box with the strain KD10, resulting in a total of six beakers 
with the inoculation gel. 
 
 
3.4.4 Wood inoculation 
 
Samples of Norway maple (Acer pseudoplatanus) of dimensions 110 mm x 40 mm x 10 mm 
were selected for this experiment. A total of 18 samples was prepared, for three 
concentrations of iron(III) oxide with six repetitions each. 
 
The samples were first numbered and sterilized in an autoclave. The prepared inoculation 
gels were applied to the samples with a sterilized metal spoon so that each strain would cover 
half of the surface. It is necessary to emphasize, that the gels on each individual sample 
contained different strains, but the identical concentration of iron(III) oxide. They were then 
put into 360 mm × 260 mm × 40 mm sterilized polypropylene boxes, that contained 500 mL 
of distilled water, to keep the relative humidity in the box high, and plastic spacers, which 
kept the samples above the water (Figure 16). The boxes were covered with a glass lid and 
incubated at 22 ˚C and 70 % relative air humidity for 5 weeks.  
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Figure 16: Sample setup for the incubation of wood samples with the fungal carrier substance 
 
 
3.4.5 Mass loss measurements 
 
Prior to inoculation, the wood samples were dried at 103 ˚C for 24 hours. The dry weight of 
the intact wood samples was then measured as m0. After taking the samples out of incubation 
and cleaning them, their wet weight was recorded as mw. Next, the samples were dried in an 
oven at 103 ˚C for 24 hours, after which the dry weight of the decayed wood was recorded 
as md. The relative mass loss of the samples was calculated with equation 1 and expressed 










  ML = relative dry mass loss 
m0 = mass of dry samples before treatment 
  Δm = change of dry mass during treatment (= md – m0) 
 
 
3.4.6 Moisture content of decayed wood 
 
To assess the moisture content of the decayed wood and gain insight into the conditions that 
K. deusta requires, the wood was weight before and after being dried, after incubation. The 












  MC = moisture content of the treated wood 
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  mw = weight of the wet samples after treatment 
  md = weight of the dry samples after treatment 
 
 
3.4.7 Electrical conductivity measurements 
 
Due to COVID-19, there was a reduced operation of Empa and the electrical conductivity 
measurements could not be performed. 
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4 RESULTS 
 
4.1 FUNGAL ISOLATIONS 
 
The fungal isolations were successful. Genotypes from all the visible zones were isolated, 
meaning a total of six different strains. Of 126 isolation attempts, 23 yielded a pure culture 
of Kretzschmaria deusta, with a success rate of 18.25 %. 
 
Figure 14 shows the results of the antagonism tests. Nearly all strains exhibited intraspecific 
antagonism among each other and produced demarcation zones (Figure 14A, red arrow). An 
exception are strains 1 and 3, which were found to be the same genotype, as the mycelium 
of the two inocula fused and appeared as one unit, being bound by the same melanized border 
from the other strains (Figure 14A, white arrow). The isolations thus yielded 5 different 
genotypes of K. deusta. A qualitative inspection of the cultures also indicates that strains 1/3 
and 5 had the fastest and strongest production of pseudosclerotial plates, which were already 





Figure 17: Multi culture antagonism tests of different isolates of K. deusta after 20 days of incubation. Note: 
melanized demarcation zone – red arrow, absent demarcation zone – white arrow 
 
 
Table 2: Antagonism matrix of isolated strains; 
[/] - No antagonism, mycelium fused 
[○] - clear border between colonies, no melanization 
[●] - melanized border between colonies 
  
1 2 3 4 5 
6 ● ○ ● ○ ● 
5 ● ● ● ○ 
 
4 ● ○ ● 
  
3 / ● 
   
2 ● 
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4.2 GROWTH RATES 
 
Measurements of the growth rates of Kretzschmaria deusta and Trametes pubescens yielded 
the results showed in Table 3. 
 
For Kretzschmaria deusta, an average growth of 1.3 mm/day on the control medium was 
observed. It decreased slightly in the presence of elemental silver. There was a much more 
drastic suppression of growth apparent in the presence of copper, with a decrease of 54 % 
measured on medium with the highest tested concentrations. A slightly higher speed of 
growth was measured on medium with 0.25 % iron content, reaching a 9 % increase at the 
highest tested concentration. 
 
For Trametes pubescens, the results were considerably different. The average radial growth 
was 7.93 mm/day for the control medium, indicating that the fungus grows significantly 
faster than K. deusta. It also seems to have reacted in a much more sensitive manner when 
exposed to all the tested heavy metals. Both silver and copper considerably reduced the 
growth speed, but more surprisingly and unlike K. deusta, it also reacted negatively to the 
presence of iron. 
 
 
Table 3: Growth rates of K. deusta and T. pubescens 
 
Concentration 
Kretzschmaria deusta Trametes pubescens 
Average (mm/day) Δ Average (mm/day) Δ 
Control; 0 % 2.65 / 7.93 / 
Ag; 0.25 % 2.57 -3 % 6.77 -15 % 
Ag; 0.5 % 2.35 -11 % 5.62 -29 % 
Fe; 0.25 % 2.72 3 % 7.72 -3 % 
Fe; 0.5 % 2.72 3 % 7.22 -9 % 
Fe; 0.75 % 2.88 9 % 6.77 -15 % 
Cu; 0.25 % 1.53 -42 % 2.35 -70 % 
Cu; 0.5 % 1.43 -46 % 2.00 -75 % 
Cu; 0.75 % 1.15 -57 % 1.40 -82 % 
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Figure 18: Growth rates of K. deusta and T. pubescens on different concentrations of metals 
 
 
4.3 PRODUCTION OF WOOD SAMPLES WITH ZONE LINES 
 
Of the 12 inoculated wood samples, all produced a strong double zone line after only 5 weeks 
of incubation, which penetrated the entire thickness of the samples. After incubation, the 
samples were covered with a brittle black crust, indicative of Kretzschmaria deusta 
colonization. Along the middle of the samples, a clear border is visible separating the two 
antagonistic genets (Figure 19, red arrow). The cleaned samples showed a strong double 
zone between the colonies throughout the entire thickness of the wood. A qualitative 
assessment of the cleaned samples showed no visible difference between the lines in respect 
to the concentration of iron(III) oxide (Figure 20, 21, 22). 
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Figure 19: Wood samples after incubation showing antagonism by a demarcation zone (arrow) 
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Figure 20: Cleaned samples 1-6 after incubation with K. deusta in the presence of 0 % iron(III) oxide (control) 
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Figure 21: Cleaned samples 7-12 after incubation with K. deusta in the presence of 0.25 % iron(III) oxide. 
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Figure 22: Cleaned samples 13-18 after incubation with K. deusta in the presence of 0.75 % iron(III) oxide. 
 
 
4.3.1 Mass losses 
 
The recorded mass losses of the Norway maple samples (Acer pseudoplatanus) decayed by 
Kretzschmaria deusta had an average value of 10.3 % after 5 weeks. The average mass loss 
appears to rise as the concentration of iron increases, ranging from 9.8 % in the control to 
11.1 % in the highest tested iron concentration. Since iron is a component in peroxidases, 
which are lignin degrading enzymes, an abundance of this metal could stimulate the 
degradation of the wood, leading to higher mass loss. However, further analysis of variance 
showed that this increase is not significant (α < 0.05). The density of the incubated wood 
also did not have a significant correlation with the mass loss (R2=0.0734, px,y = 0.271). 
Kalač T. Influence of heavy metals … spalted wood.  





Figure 23: Mass loss of the wood samples during incubation 
 
 
Figure 24: Mass loss of the wood samples during incubation. Intensity of dot color correspond to the 
concentration of iron(III) oxide in the medium. 
 
 
4.3.2 Moisture content 
 
The average moisture content of the samples after incubation with the fungi was measured 
at 40.2 %. Analysis of variance showed that the concentration of iron(III) oxide in the 
medium had no significant effect on the moisture content. 
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Figure 25: Moisture content of wood samples after incubation. 
 
 
4.4 ELECTRICAL CONDUCTIVITY 
 
Due to the disruption of normal work at Empa caused by COVID-19, the electrical 
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5 DISCUSSION 
 
The measured increase in growth rates for K. deusta can provide some insight into the 
enzymatic activity of K. deusta. As mentioned, iron(III) oxide plays an important role in the 
degradation of lignin, as it is part of peroxidases. It was thus postulated that a higher 
concentration of iron ions in the growth medium would increase the degradation of lignin 
and consequentially the mass loss of incubated wood samples. Our results show that the 
speed of growth by K. deusta does in fact increase on iron(III) oxide amended MEA media 
However, the results showed only a slight, but not significant increase in the mass loss of 
wood. This could be related to the fact that the amount of iron ions already present was more 
than sufficient for the enzymatic requirements of the fungus, even at the lowest 
concentration. Additionally, the result showed that iron(III) oxide can be used for further 
research on its influence on the electrical conductivity of melanin without negatively 
influencing the vigour of the fungi. Since it is relatively abundant and inexpensive, this result 
could prove crucial in the long-term consideration of iron(III) oxide for this application. 
 
The developed method for the production of zone lines in wood proved to be very successful. 
Similarly to what was shown by Williams et al. (1981), inoculating wood with antagonistic 
strains of K. deusta resulted in wood samples containing strong double zone lines. The 
fungus was easily isolated and a large number of genotypes were cultivated on artificial 
growth media. The isolates did not only produced pseudosclerotial plates on MEA, reliably 
and rapidly but also in the wood samples. However, unlike the studies by Williams et al. 
(1981), where the lines were visible after 12 months, K. deusta was able to produce 
pseudosclerotial plates within 5 weeks, i.e. a considerably shorter period. Such a reduction 
in production time is a major necessity, for using K. deusta, while assuming constant 
infrastructural resources, will yield approximately 10× more spalted wood within the same 
period. The conclusion follows, that the use of K. deusta is much more suitable than T. 
versicolor. 
 
The use of MFC as a carrier substance was also relatively successful. It provided a good 
medium for the fungi to grow on and, when blended, had a good consistency for application. 
During the initial days of incubation, it served as a good water reservoir for the fungus to 
start growing into the wood and was removed easily with a brush after incubation. 
Additionally, the use of MFC as a carrier substance offers the option to produce the 
inoculation gel on a sufficiently larger scale and is very easy to handle and apply to the wood. 
However, there are still several issues to be considered. Firstly, the incubation period for the 
production of the inoculation gel is still relatively long, approximately 4 weeks, which 
should be reduced to meet optimal time frame requirements. Additionally, K. deusta is only 
able to grow on the surface of the gel. This means that larger quantities of gel are required 
for a large surface area, which can make sterile handling extremely challenging. However 
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6 CONCLUSIONS 
 
Despite the lack of final results of electrical conductivity, the experiments gave good insight 
into the influence of iron(III) oxide on Kretzschmaria deusta. Additionally, the described 
method for production of spalted wood samples has also proven to be very effective in 
laboratory scale tests. With further research, this method could potentially be upscaled for 
the industrial production of decorative spalted wood. The ease of application, the radical 
reduction in production time, and the consistency of successfully produced samples are 
revolutionary and could represent one of the first major breakthroughs in the field of 
industrial spalted wood production. 
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Annex A:  Growth rates – colony diameter [mm] of Kretzschmaria deusta on medium 
augmented with elemental silver, iron(III) oxide and copper(II) oxide. 
 
 
Concentration Repetition Day from inoculation 
3 4 5 6 
Control; 0 % 1 15 20 25 30 
15 21 26 32 
2 16 21 26 32 
16 19 27 31 
3 16 22 28 33 
15 21 25 31 
4 16 19 24 30 
14 19 24 30 
5 15 20 25 31 
14 20 26 31 
Ag; 0.25 % 1 16 20 27 31 
13 21 24 30 
2 16 20 27 30 
16 21 26 30 
3 16 20 26 32 
14 20 27 30 
4 17 21 27 33 
17 22 27 32 
5 15 21 26 31 
16 18 26 31 
Ag; 0.5 % 1 14 20 24 27 
14 17 22 29 
2 14 19 23 29 
15 19 25 27 
3 15 19 24 27 
15 19 26 31 
4 16 21 26 30 
15 21 26 31 
5 12 16 22 26 
13 17 21 27 
Fe3+; 0.25 % 1 13 18 24 31 
13 19 25 30 
2 13 17 22 28 
13 16 23 29 
3 15 20 26 30 
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15 20 26 32 
4 13 17 22 27 
12 16 22 28 
5 16 20 26 33 
15 21 27 33 
Fe3+; 0.5 % 1 12 18 23 29 
11 17 24 28 
2 13 18 25 30 
14 17 23 29 
3 14 19 26 32 
15 20 25 31 
4 13 19 24 29 
14 17 23 28 
5 14 19 26 30 
13 20 25 30 
Fe3+; 0.75 % 1 13 19 25 31 
13 18 25 29 
2 15 20 26 31 
14 19 26 32 
3 14 18 23 32 
11 20 26 30 
4 16 23 27 34 
17 22 29 34 
5 17 23 27 33 
17 22 27 34 
Cu2+; 0.25 % 1 14 16 20 24 
14 15 20 23 
2 12 15 18 22 
10 13 18 20 
3 13 17 20 23 
14 16 20 24 
4 10 10 15 19 
11 11 15 18 
5 10 12 16 18 
10 12 16 19 
Cu2+; 0.5 % 1 11 13 18 18 
11 14 17 21 
2 11 11 16 18 
11 12 14 18 
3 13 15 19 23 
11 15 18 22 
4 12 15 18 21 
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11 14 18 22 
5 11 13 16 18 
12 12 14 19 
Cu2+; 0.75 % 1 10 12 14 15 
10 12 12 16 
2 10 12 14 16 
10 12 14 16 
3 10 12 14 18 
10 11 14 16 
4 10 13 16 18 
11 14 16 18 
5 9 12 14 18 
10 11 14 18 
 
  
Kalač T. Influence of heavy metals … spalted wood.  
 Dipl. delo. Ljubljana, Univ. v Ljubljani, Biotehniška fakulteta, Odd. za lesarstvo, 2020  
 
Annex B:  Growth rates – colony diameter [mm] of Trametes pubescens on medium 




Concentration Repetition Day from inoculation 
3 4 5 6 
Control; 0 % 1 23 34 52 72 
23 32 50 69 
2 21 33 52 66 
20 31 51 70 
3 24 35 60 75 
24 37 53 72 
4 28 36 65 75 
28 37 61 73 
5 30 43 59 78 
29 37 56 76 
Ag; 0.25 % 1 25 43 55 75 
25 41 52 71 
2 21 38 50 65 
24 35 50 64 
3 28 36 49 63 
25 36 44 65 
4 28 40 44 62 
28 37 47 62 
5 28 35 45 71 
28 34 55 68 
Ag; 0.5 % 1 18 31 48 57 
16 36 45 60 
2 21 29 38 48 
22 31 38 48 
3 22 35 46 53 
21 36 44 52 
4 20 29 45 52 
23 29 43 54 
5 21 32 49 59 
23 34 47 61 
Fe3+; 0.25 % 1 25 36 52 70 
26 37 54 74 
2 32 43 58 77 
33 43 60 76 
3 27 43 59 75 
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26 41 69 75 
4 30 51 67 78 
32 44 67 77 
5 35 52 66 80 
33 48 69 80 
Fe3+; 0.5 % 1 27 36 58 71 
23 37 58 70 
2 24 41 57 70 
23 37 55 68 
3 26 43 56 66 
24 38 58 68 
4 24 35 53 65 
25 37 53 64 
5 27 40 50 69 
24 41 55 69 
Fe3+; 0.75 % 1 26 37 55 66 
26 37 54 68 
2 27 34 54 66 
25 35 43 66 
3 28 40 57 64 
30 37 59 67 
4 21 36 52 62 
25 36 51 64 
5 27 39 57 70 
24 35 56 72 
Cu2+; 0.25 % 1 13 19 23 28 
13 17 24 27 
2 14 20 26 30 
13 19 25 29 
3 17 23 29 32 
18 22 27 31 
4 15 19 22 26 
14 18 22 26 
5 17 22 26 31 
16 22 27 31 
Cu2+; 0.5 % 1 11 17 21 25 
13 17 22 24 
2 15 20 25 27 
14 20 24 28 
3 13 18 24 28 
14 20 22 26 
4 13 17 20 23 
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13 17 21 24 
5 13 17 21 24 
14 20 22 24 
Cu2+; 0.75 % 1 13 15 19 21 
14 16 18 22 
2 10 12 17 16 
12 13 14 20 
3 12 11 15 20 
11 12 18 22 
4 12 12 16 21 
11 13 17 22 
5 14 15 19 21 
14 16 19 22 
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Annex C:  Mass loss after 5 weeks for Norway maple (Acer saccharum) samples inoculated 
with Kretzschmaria deusta. 
 
 
sample Concentration m0 mw md 
1 0 % 23.58 29.32 21.04 
2 24.00 29.99 21.77 
3 24.42 30.70 22.04 
4 24.25 30.89 21.86 
5 23.84 31.32 21.46 
6 23.88 31.34 21.73 
7 0.25 % 26.48 32.93 23.81 
8 24.51 30.60 21.98 
9 24.88 31.95 22.53 
10 24.55 30.85 22.06 
11 24.46 31.83 22.08 
12 24.09 29.87 21.77 
13 0.75 % 23.47 29.20 20.93 
14 23.40 28.83 20.83 
15 23.32 28.36 20.78 
16 26.62 33.09 23.86 
17 26.82 33.97 24.33 
18 26.96 32.75 23.09 
 
 
